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Contribution of diffusion tensor MR imaging in detecting
cerebral microstructural changes in adults with
neurofibromatosis type 1
Abstract
BACKGROUND AND PURPOSE: After an early progression of signal intensity changes in
T2-weighted MR images, also known as "neurofibromatosis bright objects," in patients with
neurofibromatosis type 1 (NF-1), there is a tendency toward regression or even disappearance in early
adulthood. The purpose of this study was to investigate whether adult patients with NF-1 exhibit
generalized microstructural alterations even in normal-appearing brain regions. MATERIALS AND
METHODS: Conventional and diffusion tensor MR imaging of the brain was obtained in 10 adult
patients with NF-1 and 10 age-matched healthy volunteers. Apparent diffusion coefficient (ADC) and
fractional anisotropy (FA) were measured in brain stem, basal ganglia, thalamus, corpus callosum, and
frontal and parietooccipital white matter regions. RESULTS: Significantly increased ADC and
decreased FA values were found in all regions of interest and in all patients with NF-1, irrespective of
their scholastic achievement and subsequent professional performance, compared with control subjects
(P < .001). There were no significant correlations with the age (P > .1) or with the lateralization between
brain hemispheres (P > .05). CONCLUSION: Diffusion tensor imaging reveals globally elevated FA
and decreased ADC values in the mature brains of patients with NF-1, which is most likely a
consequence of diffuse and basic alterations in cerebral microstructure that result from the underlying
gene mutation.
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BACKGROUND AND PURPOSE: After an early progression of signal intensity changes in T2-weighted
MR images, also known as “neurofibromatosis bright objects,” in patients with neurofibromatosis
type 1 (NF-1), there is a tendency toward regression or even disappearance in early adulthood. The
purpose of this study was to investigate whether adult patients with NF-1 exhibit generalized micro-
structural alterations even in normal-appearing brain regions.
MATERIALS AND METHODS: Conventional and diffusion tensor MR imaging of the brain was obtained
in 10 adult patients with NF-1 and 10 age-matched healthy volunteers. Apparent diffusion coefficient
(ADC) and fractional anisotropy (FA) were measured in brain stem, basal ganglia, thalamus, corpus
callosum, and frontal and parietooccipital white matter regions.
RESULTS: Significantly increased ADC and decreased FA values were found in all regions of interest
and in all patients with NF-1, irrespective of their scholastic achievement and subsequent professional
performance, compared with control subjects (P  .001). There were no significant correlations with
the age (P  .1) or with the lateralization between brain hemispheres (P  .05).
CONCLUSION: Diffusion tensor imaging reveals globally elevated FA and decreased ADC values in the
mature brains of patients with NF-1, which is most likely a consequence of diffuse and basic alterations
in cerebral microstructure that result from the underlying gene mutation.
Neurofibromatosis type 1 (NF-1) is the most prevalentphakomatosis and is characterized by multiple neurofi-
bromas of various organs, changes in skin pigmentation, and
deformation of the skeleton. NF-1 is an autosomal dominant
disorder, occurring with a prevalence of 2–3 cases per 10,000
population1; half of the cases represent new mutations.2
Brain lesions in NF-1 include optic pathway gliomas, cere-
bral astrocytomas, aqueductal stenosis, and, predominantly in
children, focal hyperintense areas in T2-weightedMR imaging
also known as “neurofibromatosis bright objects” (NBO) or
“focal areas of signal intensity”.3 The latter is considered a
characteristic feature in children with NF-1,4 but it cannot be
used as a diagnostic criterion.5 “Typical” NBOs do not exert
mass effect, do not enhance with contrast agents, and are not
visible on CT. In particular, they are not surrounded by ede-
ma.4,6-10 In most cases, NBOs are found in basal ganglia, thal-
amus, cerebellum, brain stem, and subcortical white matter
(WM),4,5,11 with an incidence of 43%–77%.4,6,8,11,12 The fre-
quency of occurrence seems to be related to both the presence
of optic pathway gliomas and the age13; NBOs begin to appear
at the age of 3 years and increase in number and size until the
age of 10 years, whereupon they decrease and most often dis-
appear completely until adulthood.8,14,15 The exact nature and
the relevance of NBOs are still unclear. It has been suggested
that abnormal myelin might be their source.11,14 The com-
monly accepted theory is that spongiotic and vacuolating al-
terations of myelin structure are responsible, which is based
on the few histopathologic examinations reported by DiPaolo
et al,16 who also found microcalcifications in the globus
pallidus.
Patients with NF-1 often present with learning disabilities
and megalencephaly,1,17,18 pointing to the possibility of a
more generalized alteration of the brain microstructure. To
better understand the underlying anatomic disturbances, the
purpose of this study was to investigate whether adult patients
with NF-1 exhibit generalized microstructural alterations
even in normal-appearing brain regions. Therefore, we deter-
mined the apparent diffusion coefficient (ADC) and the frac-
tional anisotropy (FA) of different brain regions using diffu-
sion tensor imaging (DTI).
Materials and Methods
Subjects. In this context, we refer to subjects affected by NF-1 as
“patients.” The patients participating in this study were known pre-
viously to our NF clinic and were recruited through personal contacts
to the Swiss Neurofibromatosis Organization. They fulfilled the diag-
nostic criteria for NF-1 based on a National Institutes of Health 1988
Consensus5 and were not known to suffer from obvious pathologic
brain conditions (eg, brain tumor, epilepsy). There were 10 unrelated
patients (4 women and 6 men), ranging in age from 18 to 36 years
(mean age  SD: 25.8  5.4 years). We focused on this age group
because no myelin remodeling (NBO) is to be expected at this
age.8,14,15
Two patients (P2, P6) attended special schools because of their
marked and severe learning difficulties; the schooling of the other
patients was age-appropriate. The professional training is as follows:
P1 and P4 obtained a university degree. Six patients are in full-time
employment and self-sufficient, 3 of them (P5, P9, P10) were in
3-year vocational training, and 3 (P3, P7, P8) in 2-year vocational
training. P2 works part-time (manual work), whereas P6 lives in an
institution for handicapped people. Ten age-matched healthy volun-
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teers (4 women, 6 men; age range, 20–36 years; mean age  SD,
26.3 4.6 years) served as control subjects.
The study was carried out according to the ethic guidelines of the
hospital as defined by the Helsinki Declaration. Written informed
consent was obtained from all subjects or from their parents if
appropriate.
MR measurements were carried out on a 1.5T whole-body MR
system. Standard diagnostic T1-weighted (3D echo-spoiled gradient
echo; TR, 27 ms; TE, 6 ms; number of acquisitions, 1; image resolu-
tion, 0.94  0.94  1.6 mm3) and T2-weighted (fast spin-echo; TR,
8060 ms; TE, 104 ms; number of acquisitions, 2; image resolution,
0.51  0.51  4.0 mm3) images were acquired. DTI was measured
using a diffusion-weighted, single-shot, echo-planar imaging (EPI)
sequence, with an image size of 128 128 and an in-plane resolution
of 2 2 mm2. The whole brain was covered with 38 contiguous axial
sections at a section thickness of 3 mm. The TR and TE were 6.5
seconds and 80 ms, respectively. A noise-optimized diffusion encod-
ing schemawith 55 diffusion encoding directions was used.19,20 The b
factor was 1000 s/mm2, and 5 b0 images were measured.
Calibration of DTI measurements was done on a water phantom.
We defined the ADC as the trace of the diffusion tensor (D), equiv-
alent to the ADC of isotropic media. ADCs were compared with tem-
perature-corrected literature data.21 Diffusion tensor maps were cal-
culated pixel-by-pixel using custom software on the MATLAB
platform (The Mathworks, Natick, Mass). ADC and FA were esti-
mated in deep gray matter (ie, in caudate nucleus, lentiform nucleus
[putamen and globus pallidus], and thalamus) and in WM (pari-
etooccipital, frontal), pons, and corpus callosum (Fig 1). To avoid
partial volume effects, regions of interest (ROIs) were selected pixel-
by-pixel based on ADC, FA, and b0 images rather than using pre-
defined ROIs. All ROIs for patients and control subjects were selected
by the same investigator (S.L.Z.) individually based on anatomic
landmarks in each subject. The ROIs from the corpus callosum were
only chosen in a single plane to avoid partial volume effects. High-
resolution T1- and T2-weighted MR images were used as references,
but ROI selection was done on the ADC, FA, and b0-images to avoid
misregistration between EPI and high-resolution images caused by
the intrinsic susceptibility sensitivity of EPI.
Statistical Procedure. Statistical analyses were performed using
SPSS version 11.5.1 (SPSS, Chicago, Ill). Mean ROI ADC and FA
values of the different brain areas were analyzed separately in a mul-
tivariate analysis of variance with the between subject factor “group”
(“patients with NF-1” and “healthy volunteers”). The within-group
age dependence of ADC and FA values was tested separately for each
region of interest by using a nonparametric bivariate correlation anal-
ysis (Kendall -b and Spearman). A paired t test was performed on all
bilaterally measured ROI ADC and
FA values to test for hemispheric dif-
ferences within the groups.
Results
Lateralization
ROI data were analyzed with re-
gard to a lateralization effect to exclude a local (ie, hemispheric
specific) effect and proof that the alteration of ADCs and FAs
is global. No differences in ADC or FA (P  .05) were found
between left- and mirrored right-sided anatomic locations in
the control group (Table 1). The patients with NF-1, on the
contrary, showed differences in the ADC values between the 2
hemispheres (P  .05), without revealing a consistent asym-
metry. On the other hand, the FA values in these patients did
not show hemispheric differences (P  .05), except for the
parietooccipital WM regions (P .05). Based on these heter-
ogeneous laterality findings,wedecided toproceedwith theanal-
ysis with averaged region of interest data of both hemispheres.
Apparent Diffusion Coefficient and Fractional Anisotropy
Patients with NF-1 showed a significant increase in ADC val-
ues (P  .001) and a significant decrease in FA values (P 
.001) compared with the healthy volunteers in all selected
brain regions (Table 2). To exclude a systematic difference
between the 2 populations, we also analyzedADCvalues of the
CSF, which did not show significant differences between
groups (P .5). FA of CSF was within noise level as expected
for isotropic media.
Age Effect
There was no correlation with age for either ADC or FA in all
selected brain regions of patients and control subjects (P .1).
T2-Weighted Imaging
Two of the 10 patients with NF-1 showed hyperintense lesions
on the T2-weighted imaging. P1 had an NBO in the thalamus
bilaterally. P4 had faint T2 hyperintensities in the region of the
caudate nucleus, the left substantia nigra, and the right thala-
mus. Yet themean ADC and FA values in P1 and P4 lay within
the corresponding confidence intervals for these regions.
MR imaging in P6 revealed ventricular dilation. The FA
and ADC values of the right putamen, the right thalamus, the
corpus callosum, and the left frontal WM were outside the
95% confidence intervals of the patient group. However, ex-
cluding P6 from the statistical analysis did not change the sig-
nificances of the differences between groups. None of the con-
trol subject had hyperintense lesions in the brain.
Discussion
Elevated ADC and decreased FA values were found in every
investigated anatomic brain location of patients with NF-1
compared with the age-matched control subjects (P  .001).
Fig 1. Images of a 20-year-old woman with
NF-1. Axial B0 images showing the pixel-wise
chosen ROIs framed in red: caudate nucleus,
thalamus, lentiform nucleus (putamen and glo-
bus pallidus) (left), frontal WM (middle), and
parietooccipital WM (right).
774 Zamboni  AJNR 28  Apr 2007  www.ajnr.org
We could corroborate the findings of former studies concern-
ing the elevated ADC. Alkan et al22 found elevated ADC values
in NBO and in some normal-appearing regions (hippocam-
pus and thalamus), whereas Eastwood et al23 revealed elevated
ADC values in hyperintense lesions as well as in normal-ap-
pearing basal ganglia compared with the control group. In a
longitudinal study Sheikh et al also found increased ADC val-
ues in NBOs.24
Moreover, diffusion-weighted imaging (DWI) and DTI
have successfully been applied to detect microstructural
changes in patients with different brain disorders. Ashtari et
al25 reported decreased FA values in several brain regions
(normal-appearingWM: frontal, parietal, temporal, occipital,
splenium of the corpus callosum, posterior limb of the inter-
nal capsule, and WM lesions frontal and parietal) of patients
with attention-deficit/hyperactivity disorder. Fukuda et al26
investigated patients with myotonic dystrophy and described
lower FA values in the cerebral WM of the patients compared
with healthy control subjects.
Although Alkan et al,22 Eastwood et al,23 and Sheikh et al24
did not determine FA in their NF-1 patient groups, our study
revealed reduced FA values in all selected ROIs and in all pa-
tients. Our results indicate microstructural changes of brain
tissue. A reduction in FA and an increase in ADC might indi-
cate a disintegration of the myelin sheaths and/or an axonal
disruption.27 The observed increase in diffusion in the brains
of patients with NF-1 may originate from a myelin disorder,
such as an intramyelinic edema.16 Sheikh et al24 explained
their findings as a result of increased number and/or size of
myelin vacuoles. On the other hand Alkan et al22 saw their
results in the context of a possible demyelination. Eastwood et
al23 also explained it as demyelination or “as myelin distur-
bance, such as diminishedmyelin amount or increasedmyelin
turnover.”
Using DWI, Tognini et al28 found increased ADCs in nor-
mal-appearing brain as well as in regressed NBO. DiPaolo et
al16 did not observe a “frank demyelination” in their his-
topathologic findings of NBOs in 3 patients with NF-1. In-
stead, they reported a spongiformmyelinopathy or a vacuolar
change of myelin. To our knowledge, this is the only realized
histopathologic investigation into hyperintense lesions in pa-
tients with NF-1. These findings, however, may not be truly
representative for the entire NF-1 population, because 2 of
their patients had severe clinical symptoms: 1 was a premature
baby with an intraventricular hemorrhage and seizures, and
the other received chemotherapy for treatment of fibrosar-
coma. Only the 3rd patient, who died as a result of complica-
tions during a scoliosis surgery, seemed to represent the
“usual” NF-1 patient without comorbidity. Nevertheless,
DiPaolo et al reported identical histopathologic findings in all
3 patients.
One could speculate that the alterations of ADC and FA in
patients with NF-1 reported here might have originated from
globally increased brain water. However, the only existing his-
Table 1: Lateralization of regional ADC and FA in patients with NF-1 and healthy volunteers (mean  SD and significance of difference)
ROI and
Hemisphere
Patients with NF-1 Healthy Volunteers
ADC
P
(R vs L) FA
P
(R vs L) ADC
P
(R vs L) FA
P
(R vs L)
Caudate nucleus
R 0.94 0.02
.006
0.13 0.02
.056
0.78 0.02
.539
0.18 0.00
.596
L 0.96 0.03 0.12 0.02 0.79 0.03 0.18 0.00
Lentiform Nucleus
R 0.95 0.02
.086
0.10 0.01
.160
0.76 0.03
.302
0.14 0.01
.063
L 0.97 0.02 0.10 0.01 0.76 0.02 0.15 0.01
Thalamus
R 0.99 0.03
.033
0.19 0.02
.683
0.77 0.02
.703
0.28 0.01
.719
L 0.98 0.02 0.19 0.02 0.77 0.02 0.28 0.01
Frontal WM
R 0.95 0.02
.0002
0.26 0.04
.906
0.79 0.04
.355
0.34 0.01
.098
L 0.99 0.02 0.26 0.06 0.80 0.03 0.37 0.01
Parietooccipital WM
R 0.96 0.04
.009
0.36 0.04
.026
0.77 0.03
.617
0.48 0.02
.111
L 0.93 0.03 0.33 0.05 0.76 0.03 0.45 0.02
Note:—ADC indicates apparent diffusion coefficient; FA, fractional anisotropy; NF-1, neurofibromatosis type 1; ROI, region of interest; WM: white matter; R, right; L, left.
Table 2: Comparison of regional ADC and FA in patients with NF-1 and healthy volunteers (mean  SD and significance of difference)
ROI
Patients with NF-1 Healthy Volunteers
ADC FA P  ADC FA P 
Caudate nucleus 0.95 0.03 0.13 0.02 .001 0.79 0.03 0.18 0.01 .001
Lentiform nucleus 0.96 0.02 0.10 0.01 .001 0.76 0.02 0.14 0.02 .001
Thalamus 0.99 0.03 0.19 0.02 .001 0.77 0.02 0.28 0.02 .001
Pons 0.97 0.03 0.30 0.03 .001 0.77 0.03 0.42 0.03 .001
Corpus callosum 1.03 0.05 0.56 0.07 .001 0.82 0.04 0.76 0.03 .001
Frontal WM 0.97 0.03 0.26 0.05 .001 0.79 0.03 0.35 0.05 .001
Parietooccipital WM 0.95 0.04 0.35 0.05 .001 0.76 0.03 0.46 0.06 .001
CSF 3.06 0.39 .769 3.01 0.43
Note:—ADC indicates apparent diffusion coefficient; FA, fractional anisotropy; NF-1, neurofibromatosis type 1; ROI, region of interest; WM: white matter.
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tologic study in patients with NF-116 reported no conspicu-
ousness concerning the brain water content in these patients
but did report a spongiform myelinopathy or a vacuolar
change of myelin. Notwithstanding these findings, we cannot
exclude globally increased brain water as the reason for the
altered ADC and FA values in NF-1 patients. However, the
observed alterations in brain diffusion are more likely to indi-
cate a dismyelination in patients with NF-1.
In many NF clinics neuroimaging is not considered an es-
sential investigation at initial presentation of a patient with
NF-1 who has normal neurologic states, including vision.
Therefore, no previous MR imaging is available in our patient
group. Thus, whether they had NBOs in some of the investi-
gated regions during childhood is not known. Alkan et al22
reported significantly increased ADCs in normal-appearing
hippocampus and thalamus on T2-weighted images, which
they considered residual lesions from former NBOs. Based on
these reports, it seems to be very unlikely that our ADC
changes in each of the examined brain areas originate from
such residual lesions.
The great variability of FA and ADC values of P6 with ven-
tricular dilation, whichwere outside the normative confidence
intervals, might be explained by partial volume effects be-
tween brain tissue and CSF.
Sheikh et al24 examined 12 patients with NF-1 between
2–20 years. They speculated that ADCs may approach more
near-normal values with increasing age. Nevertheless, the data
presented in their Fig 2 depict ADC values in adult patients
with NF-1 that are higher than in the age-matched control
subjects, which corresponds well to our findings.
Although Alkan et al,22 Sheikh et al,24 and Tognini et al28
reported similar alterations of ADC, a quantitative compari-
son with the results reported in this study is not appropriate
because of methodologic dissimilarities and differences in the
examined age range of patients with NF-1.
We did not observe any age dependency in our adult pa-
tients, which accords closely with findings of Snook et al29 and
may be explained by the completed myelination process in
adult brains. Longitudinal measurements from childhood to
adulthood would be required to answer the question of
whether there is a recovery of altered myelination in patients
with NF-1.
Few data have been published on hemispheric differences
in patients with NF-1. Eastwood et al23 did not observe signif-
icant ADC variations between hemispheres, except for the
thalamus. Our data revealed hemispheric ADC differences in
caudate, thalamus, and WM (parietooccipital and frontal),
but no global left-right tendency was found.We did not detect
hemispheric differences in FA, except in the parietooccipital
WM.Althoughwe have not performed neuropsychologic test-
ing in our patients, it is remarkable that identical findingswere
obtained in university graduates and in patients who attended
special school.
Conclusion
We found elevated ADC and decreased FA values in all se-
lected brain regions of all patients with NF-1 compared with
age-matched healthy volunteers. We interpret our findings to
be a consequence of diffuse and basic alterations in cerebral
microstructure in the mature NF brain, resulting from the
underlying gene mutation.
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